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Abstract. Multiple-damage-inflicted scattering signals usually overlap with each other due to 
Lamb wave dispersion and multi-mode characteristics. As a result, it is difficult to accurately 
distinguish damages that occur relatively close to each other using the conventional ultrasonic 
phased array method. In order to solve this problem, an improved linear mapping (ILM) dispersion 
compensation method is proposed and is applied to enhance the ultrasonic phased array 
monitoring resolution. Through a uniform linear array arrangement, the damage scattering signals 
are collected in a round-robin pattern of ultrasonic phased array, and then compensated based on 
the linear relation wavenumber curve from actual measurement. At last, the scan can be obtained 
by monitoring the energy scattered by the damages using delay-and-sum method. To verify the 
proposed method, experiments are performed on an aluminum (LY-12) plate. Two results of 
multiple artificial damages show that the proposed method can effectively compensate the 
dispersion characteristics of Lamb waves. The direction estimation error and distance estimation 
error are less than 4° and 2 cm, respectively. 
Keywords: structural health monitoring, ultrasonic phased array, dispersion compensation, 
multiple damages, improved linear mapping. 
1. Introduction 
Structural health monitoring (SHM) is an area of growing interest and worthy of new and 
innovative approaches. Lamb waves offer a number of advantages in SHM applications, especially 
in those situations where large areas of plate structures are to be monitored. Many literatures have 
focused on the research methods of Lamb waves, including the delay-and-sum method [1, 2], the 
time reverse based imaging technique [3-5], spatial filter method [6, 7] and ultrasonic phased array 
method [8, 9]. 
Ultrasonic phased array technique is one of the methods of active Lamb waves based SHM. 
The performance of a SHM system can be enhanced by means of active ultrasonic phased arrays 
due to their superior signal-to-noise ratio and beam-steering capability [10]. The basic principle 
of ultrasonic phased array technology has been studied theoretically and experimentally in the 
structural damage monitoring for aircraft plate structures. Giurgiutiu and Yu [11, 12] studied the 
ultrasonic phased array imaging principle of linear array and two-dimensional arrays, and realized 
single crack detection on aluminum plates using linear array and rectangular ultrasonic phased 
array. Wilcox et al. [13, 14] discussed circular omni-directional guided wave phased arrays and 
realized single damage detection on aluminum plates. Yoo et al. [15] worked on the phased array 
algorithm based on spiral array and detected two types of damage (rubber patch and crack) in the 
composite material. Yuan et al. [16] applied linear ultrasonic phased array and detected single 
damage on aluminum, composite materials and some kind of complex structures. Malinowski  
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et al. [17] put forward the improvement of star-shaped configuration and merged multiple linear 
phased array imaging results to realize double cracks detection at about 30° and 135° on  
aluminum. Yan et al. [18] presented circular phased array imaging approach and realized multiple 
damages detection including one 5 mm diameter hole at 0°, three notches at about 0°, 225° and 
300° respectively, and a set of six 3 mm diameter holes at 270°. The distance of the hole and the 
notch at 0° is more than 200 mm, so the two damages can be distinguished clearly. However, since 
the distance in between the six 3 mm diameter holes is less than 35 mm, they looked combined as 
a line in the resulting scanning image.  
Ultrasonic phased array testing for SHM is complicated because of the dispersion nature of the 
Lamb wave modes. Scattered waves become weak in amplitude due to geometric spreading and 
may possibly present various interferences and overlapping arrival times, especially for long 
distance testing. In comparison with the case of single damage, much more intricate dispersion 
phenomena often happen in the captured signals of multiple-damage detection. This makes the 
prognosis for multiple damages highly uncertain, because the scattered wave components by the 
damages considerably superpose and frequently interfere with each other. Such phenomenon is 
found more severe in composite structures or in structures with irregular boundary conditions [19]. 
The concept of arrival time may become ill-defined due to the strong dispersion. Thus, ultrasonic 
phased array prediction based on an individual signal may fail to ascertain the correct number of 
damage sites, not to mention the location and severity of damages, especially for that of smaller 
in-between distances. 
In order to detect multiple damages more accurately by means of ultrasonic phased array 
technology, different methods have been proposed to compensate dispersion. The two main 
methods are time-distance domain transformation method and Linear Mapping (LM) method. 
Wilcox et al. [20] adopted time-distance domain transformation for phased array imaging. The 
basic idea underlying the dispersion compensation is very similar to the time reversal procedure 
presented by Xu and Giurgiutiu [21]. The signal recorded at the receiver side is time reversed and 
propagated back to the source, which is then compressed to its original shape. Liu and Yuan [22] 
proposed a dispersion removal procedure based on the wavenumber linear Taylor expansion. By 
transforming a dispersed signal to frequency domain and interpolating the signal at wavenumber 
values satisfying the linear relation, the original shape of the signal can be recovered. Xu and 
Giurgiutiu [21] compared the time-distance domain transformation and the linear mapping method, 
and adopted the latter to improve the resolution of phased array. 
However, both the time-distance domain transformation and the linear mapping method 
require theoretical models to plot the corresponding wavenumber curve. In real applications, the 
parameters that characterize the structural property of the material are unknown. This in turn 
means that the theoretical wavenumber curve cannot be obtained directly.  
In order to monitor multiple damages accurately using ultrasonic phased array technology, 
improved linear mapping (ILM) dispersion compensation algorithms are proposed in this paper. 
It is similar to the linear mapping material dispersion compensation method, but is based on the 
actual measurement of the wavenumber curve. The damage-induced scattering signals can be 
compensated by relying on the calculated wavenumber curve. The experimental results on the 
aluminum plate show that this method can not only improve the imaging resolution and SNR of 
ultrasonic phased array, but also enhance the accuracy of damage localization on 
closely-positioned damages. 
2. Classical phased array theory 
The uniform linear piezoelectric transducer (PZT) array consists of ܯ elements. The PZT 
elements in the array are equally spaced at distance ݀  ( ݀/ߣ ≤ (ܯ − 1)/2ܯ , ߣ : ultrasonic 
wavelength). The wave pattern generated by the phased array is the result of the superposition of 
the waves generated by each individual PZT element. By sequentially activating the individual 
elements of an array transducer at slightly different times, the ultrasonic wavefront can be focused 
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or steered in a specific direction.  
The wave front in far field of a linear PZT array is shown in Fig. 1. For a distant point ܲ(ߩ, ߠ), 
ߩ is the distance from point ܲ to coordinate system origin. Because ݀ ≪ ߩ, the rays connecting 
the point ܲ  with the sensors can be considered with a parallel fascicle of ߠ . The origin of 
coordinate system is set on the mid-point of the PZT array. The point on the Cartesian coordinate 
system of ݅th PZT element is denoted as (ݔ௜, 0), ݅ = 0,…, ܯ −1, where ݔ௜ = [݅ − (ܯ − 1)/2]݀.  
 
Fig. 1. Schematic diagram of phased array 
As signals are transmitted from each of the array elements, point ܲ(ߩ, ߠ)  receives the 
superposed signal from the excitation signals that traveled a certain distance onto the plate. Then 
the total signal received at point ܲ is: 




where ܭଵ  represents the decrease in the wave amplitude due to directional radiation; ܵ௘(ݐ) 
represents the excitation signal; ߩ/ܿ is the time delay experienced as the signal travels from the 
origin to the point ܲ; and ܿ is the Lamb wave speed traveling in the structure.  
For the ݅th PZT element, the distance will be shortened by ߦ௜(ߠ) = ݔ௜cosߠ. If all the PZT 
elements are excited simultaneously, the signal from the ݅th PZT element will arrive at point ܲ 
earlier by ߜ௜(ߠ) = ݔ௜cosߠ/ܿ, ݅ = 0,…, ܯ −1.  
If the PZT elements are not excited simultaneously, but with some individual delays, then the 
total signal received at point ܲ will be: 
ܵ௉(ߩ, ߠ) = ܭଵ ෍ ܵ௘ ቂݐ −
ߩ




If the time delay equals the time difference, namely: Δݐ௜(ߠ) = ߜ௜(ߠ) = ݔ௜cosߠ ܿ⁄ ,  
݅ = 0,…, ܯ −1, the signal energy received at point ܲ(ߩ, ߠ) reaches a maximum, which is ܯ times 
stronger with respect to that of a single sensor. The signal of the maximum beam directed at angle 
ߠ, onto point ܲ is expressed as: 
ܵ௉(ݐ) = ܭଵܯ ܵ௘[ݐ − ߩ ܿ⁄ ]. (3)
If the time delay Δݐ௜(ߠ) = ݔ௜cosߠ ܿ⁄ , the beam array is rotated at angle ߠ about the ݔ-axis. 
Thus, the formation of a beam directed at angle ߠ is achieved by controlling the delay in the 
excitation of the PZT elements. 
Similar beamforming principles are applied to receivers in the same way as to transmitters. If 
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the reflected signals can be received by all the sensors by a delay of Δݐ௜(ߠ) = ݔ௜cosߠ ܿ⁄ , the 
synthetic signal will be ܯ times stronger than that obtained by the individual sensor. 
3. Phased array technology improved by ILM dispersion compensation algorithm 
When PZT elements are used as actuators and sensors, the Lamb waves signal can be written 
in the frequency domain as: 
ܸ(߱) = ܭ௔(߱)ܭௌ(߱) ௔ܸ(߱)ܩ(ݎ, ߱), (4)
where ݎ  – wave propagation distance, ߱  – angular frequency, ܭ௔(߱)  – electro-mechanical 
efficiency coefficient of PZT wafers, ܭ௦(߱) – mechanical-electro efficiency coefficient of PZT 
wafers, ܩ(ݎ, ߱) – the structure transfer function. 
Considering that only one mode (ܵ଴ or ܣ଴) is excited in the structure, the transfer function 
ܩ(ݎ, ߱) can be simplified into [23, 24]: 
ܩ(ݎ, ߱) = ܣ(ݎ, ߱)݁ି௜௞(ఠ)௥, (5)
where ܣ(ݎ, ߱), ݅  and ݇(߱) are the amplitude, imaginary number and the wavenumber of the 
respective modes. 
Inserting Eq. (5) into Eq. (4) yields: 
ܸ(߱) = ܭ௔(߱)ܭௌ(߱) ௔ܸ(߱)ܣ(ݎ, ߱)݁ି௜௞(ఠ)௥. (6)
In the propagation of Lamb waves, the spatial phase of ௔ܸ(߱) is shifted by the phase-delay 
factor ݁ି௜௞(ఠ)௥. For the dispersive Lamb waves, ݇(߱) is nonlinear with respect to ߱, which can 
be expanded in a Taylor series in the frequency ߱௖ as: 
݇(߱) = ݇଴ + ݇ଵ(߱ − ߱௖) + ݇ଶ(߱ − ߱௖)ଶ + ⋯. (7)
The Lamb waves with nonlinear wavenumber ݇(߱) causes phase distortions and results in a 
dispersive waveform. However, if the wavenumber is linearly related to ߱ , there will be no 
dispersion in the propagated waveform. In the Eq. (7), when the first two terms of the expansion 
are nonzero, the linear wavenumber relation is approximated as: 




⋅ (߱ − ߱௖), (8)
where ܿ௣ and ܿ௚ are the phase velocity and group velocity, respectively. 
According to the relationship between ݇(߱)  and ݇௟௜௡(߱) , the nonlinear index mapping 
relationship between ߱ and ܸ(߱) of Eq. (6) is replaced by the linear index mapping relationship 
of Eq. (8) to realize dispersion compensation. Since the processing is carried out in the same 
frequency, fast Fourier transform and its inverse transform algorithm are used to improve the 
efficiency of the implementation. 
4. The process of improved phased array technology for multiple damages detection  
The process of multiple damages detection is explicitly depicted in Fig. 2. The method is listed 
as follows: 
1) Defining the wavenumber curve ݇(߱). 
A narrowband excitation signal with center frequency ωc is selected to excite any of the line 
array’s PZT elements, and the ܯth piezoelectric element receives signal away from the line array. 
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The direct wave signal of ܣ଴ mode can be extracted by adding rectangular window in the received 
signal. The frequency-wavenumber curve can be expressed as: 
݇(߱) = Φ(߱) ܮ⁄ , (9)
where Φ(߱) is the phase difference between the sensor signal direct wave packet and excitation 
signal wave packet, ܮ is the signal propagation distance. Φ(߱) can be calculaed as: 
Φ(߱) = ቐ
Arctan[ܴ݁ ܫ݉⁄ ], (ܴ݁ ≥ 0),
Arctan[ܴ݁ ܫ݉⁄ ] + ߨ, (ܴ݁ < 0, ܫ݉ ≥ 0),
Arctan[ܴ݁ ܫ݉⁄ ] − ߨ, (ܴ݁ < 0, ܫ݉ ≤ 0),
 (10)
wherein ܴ݁ represents the real part of ܦ(߱)/ܫ(߱) (ܫ(߱) represents the frequency response of the 
excitation signal, ܦ(߱) represents the frequency response of the sensor signal after extracting the 
direct wave), ܫ݉ represents the imaginary part of ܦ(߱)/ܫ(߱). Arctan[∙] refers to the arctangent 
function. −ߨ-ߨ refers to the range of Φ(߱). 
 
Fig. 2. The process of multiple damages detection  
2) The measurement of group velocity. 
Another narrowband excitation signal is selected, whose center frequency is ωc, to excite any 
PZT elements on the line array, and the ܯth piezoelectric element receives signal outside of the 
line array. The group velocity of the signal is given by: 
ܿ௚(߱௖) =
ܮ
( ଵܶ − ଶܶ)
, (11)
where ଵܶ is the difference time between peak values of excitation signal and the sampling zero, 
ଶܶ is the difference time between the peak values of response signal and the sampling zero. 
3) The acquisition of health signals. 
Health signals refer to the sensor signals in the intact status. Data acquisition is carried out in 
a round robin way, scanning from 0° to 180°. When one of the PZT elements works as the actuator, 
the others serve as the sensors. The center frequency of excitation signal is ߱௖. 
4) The acquisition of damage signals. 
The sensor signals in the monitored status are called as damage signals. Data acquisition is 
also carried out in a round robin way, scanning from 0° to 180°. When one of the PZT elements 
works as the actuator, the others serve as the sensors. The center frequency of excitation signal  
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is ߱௖. 
5) The acquisition of damage scattering signals. 
The differential signals between health signals and damage signals are called damage 
scattering signals, where ݅ and ݆ denote the actuator index and sensor index. 
6) ILM dispersion compensation method is used to compensate dispersion of damage 
scattering signals. This is done by: 
① Applying an FFT to the narrow band excitation signal ܫ(ݐ) and then obtaining its ܫ(߱); 
② Performing an FFT on the damage scattering signal ௜ܵ௝(ݐ) to obtain ௜ܵ௝(߱); 
③ Using Eq. (7) to calculate linear wavenumber values klin (߱); 
④ Calculating the damage scattering signal ௜ܵ௝௅௜௡(ݐ) under the linear wavenumber. 
Each frequency value ߱ changes to ߱௟௜௡(߱) according to the linear wavenumber values, as 
shown in Eq. (11), where ݇ − 1[݇] is the inverse function of the wavenumber values ݇(߱): 
߱௟௜௡(߱) = ݇ିଵ[݇௟௜௡(߱)]. (12)
The nonlinear transformation relationship between ݇(߱)  and ߱  causes the dispersion 
phenomenon, as expressed by Eq. (6). Hence according to the relationship between klin (߱) and 
߱௟௜௡(߱), the dispersion compensation signal ௜ܵ௝௅௜௡(߱) can be obtained by Eq. (13): 
௜ܵ௝௅௜௡(߱) = ௜ܵ௝[߱௟௜௡(߱)]. (13)
In order to eliminate the effect of excitation signal spectrum ܫ(߱), ௜ܵ௝௅௜௡(߱) needs to be 





Applying IFFT to ௜ܵ௝௅௜௡(߱), ௜ܵ௝௅௜௡(ݐ) can be obtained, as follows: 
௜ܵ௝௅௜௡(ݐ) = ܫܨܨܶൣ ௜ܵ௝௅௜௡(߱) ⋅ ܥ௟௜௡(߱)൧. (15)
7) The delay and sum of scattering signals. 
The compensated scattering signals are in turn delayed in phase and are superimposed based 
on the scanning angle. And the synthetic signal ܵ(ߠ) on each angle can be calculated by: 






where ݅ and ݆ represent the actuator index and the sensor index, respectively. ܭ represents the 
decrease in the wave amplitude due to the directional radiation; Δݐ௝(ߠ) is the additional time delay 





8) The damage localization and imaging. 
When the signal beam points at the direction towards the damage location, all signals will be 
focused, and the energy of combined signal will be enhanced. Subsequently, the signal energy 
reflected by damage is also the strongest in this direction. Any information regarding damage 
angle can be obtained based on this principle. The damge distance ρ can be calculated as: 
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ߩ = ܿ ⋅ ݐ2, (18)
where ݐ is the arrival time of the signal directed to the damage, ܿ is the Lamb wave velocity at the 
structure. 
To conclude, the damage location can be achieved from the scanning direction and the 
calculated distance. 
The energy (amplitude) of the signal can be expressed in terms of its distance and direction, 
which in turn is a function of time and angle respectively. Meanwhile, the scanning image can be 
obtained by displaying the energy of synthetic signal and hence the damage can be clearly 
characterized on the scanning image. 
5. Experimental verification 
5.1. Experimental system 
A piezoelectric multi-channel structural health monitoring scanning system [25, 26] is utilized 
for all the experiments. Fig. 3 shows the experimental system setup. 
Fig. 3. Experimental setup 
 
Fig. 4. Sensors array layout diagram (mm) 
As seen from Fig. 4, the dimension of LY-12 aluminum plate is 1000 mm×1000 mm×2 mm. 
The uniform linear PZT array consists of seven circular elements with 8 mm labeled 0 to 6 with a 
spacing ݀ = 12 mm. The center of the PZT array is set as the origin point, and the PZT linear 
array itself as ݔ axis. The 7th element is placed on the ݕ axis, 150 mm away from the origin point, 
to measure the wavenumber curve of the structure and the group velocity of ultrasonic signal. A 
2 kg mass with 20 mm diameter is used to simulate as the artificial damage. 
5.2. Multiple damages detection based on improved phased array technology 
The narrow band 5-cycle modulated sine signal works as the excitation signal, which has an 
amplitude of 50 V and central frequency of 40 kHz. The ܣ଴  mode sensor signal amplitude 
dominates the ܵ଴ mode sensor signal amplitude, which is conducive to the signal analysis. The 
sampling frequency is set to 2 MHz, and 1600 points are collected. 
The positions of the PZT elements and damage locations are shown in Fig. 4. Actual damage 
points ଵܲ (300 mm, 100°) and ଶܲ (350 mm, 100°) in polar coordinates are taken as example. 
Based on the principle of phased array, this paper discusses an improved data collection 
method that facilitates scanning of any angle within the range of 0°-180°. For both intact status 
and the monitored status, data collection is conducted in a round-robin pattern. During each data 
collection process, one of the seven actuators is selected to send out excitation while the rest serve 
as sensors to pick up the scattering signals. Every PZT element will take turns to serve as actuators. 
Upon the completion of the round-robin data collection, a total of 7×6 = 42 signals are recorded.  
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The experiment is set up such that the first piezoelectric element works as an actuator, while 
the sixth works as a sensor. The recorded health signal and the damage signal are shown in  
Fig. 5(a) and 5(b). The damage scattering signal, which is the difference of the health signal and 
the damage signal, is shown in Fig. 5(c). As seen from Fig. 5(c), crosstalk interference is the 
reason for the first wave packet. The superposed damage scattering signal is set behind. The 
resulting waveform is complicated, which makes it difficult to identify the actual multiple 
damages. 
 
a) Health signal 
 
b) Damage signal 
 
c) Damage scattering signal 
Fig. 5. The sensor response signal and the damage scattering signal 
 
Fig. 6. Scanning image of multiple damages 
Fig. 6 shows the image scanned using the conventional ultrasonic phased array technology. It 
can be seen that the scattered properties make the damage points enlarged and damage boundary 
fuzzy, therefore making it difficult to identify the predetermined multiple damages from the 
scanning image. 
In order to improve the quality of the damage scanning, the method combining ultrasonic 
phased array technology and dispersion compensation imaging is adopted to identify multiple 
damages.  
The 5-cycle modulated sine signal with center frequency 40 kHz is selected as the excitation 
signal, which excites the third PZT element to generate Lamb waves in the structure. The seventh 
piezoelectric element receives signal. 
Then the wavenumber curve is plotted. Rectangular window on the sensor signal is added to 
extract the direct arrival wave of ܣ଴ mode. The wavenumber curve can be generated based on 
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Eqs. (9) and (10), as shown in Fig. 8. The dotted line in Fig. 8 is the linear wavenumber curve. 
Afterwards, the group velocity is calculated as 1621 m/s by Eq. (11). 
Finally, the health signals are obtained. 
Fig. 7. Wavenumber curve 
 
( ) FFT ( )ij ijS S t    
 ( ) ( ) / ( )lin linC I I   
 ( ) FFT ( )I I t 
 ( ) ( )ijLin ij linS S  
( ) IFFT ( ) ( )ijLin ijLin linS t S C    
0 1( ) ( )lin ck k k    
 1( ) ( )lin link k  
 
Fig. 8. The process of damage scattering 
signal dispersion compensation 
The damage signals are first obtained by taking the difference between the damage signals and 
health signals. Then, the dispersion of the damage scattering signals of each piezoelectric sensor 
is compensated by means of the process depicted in Fig. 8, the ILM dispersion compensation 
method. 
 
a) Original damage scattering signal 
 
b) Damage scattering signal after dispersion removal 
Fig. 9. Damage scattering signals 
Remember that in this experiment, the first PZT element works as the actuator, while the sixth 
works as the sensor. The signals before and after dispersion compensation are shown in Fig. 9. As 
it can be seen from the Fig. 9(b), the obtained wave packets of ܣ଴ mode dispersion signal gets 
compressed. Also, the duration of wave packets in time domain gets shorter, hence the shape of 



















Actual  wave number curve
Linear wave number  curve
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the wave packet is more focused. The two damage scattering signals ܦଵ and ܦଶ can be clearly 
distinguished from each other. 
ܵ(ߠ) is the synthetic signal of every angle, which is taken from the compensated damage 
scattering signals after conducting delay-and-sum method, as expressed by Eq. (16) and Eq. (17). 
From Fig. 10, ௜ܵ  (݅ = 0, 1,…, 6) is the sum of all damage scattering signals after dispersion 
compensation and delay, where the ݅th PZT element works as an actuator and the others work as 
sensors in 100° direction. ܵ is the ultimate synthetic signal. 
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Fig. 10. Synthetic signals of scattering signals 
Fig. 11 shows the scan of the damages obtained using ultrasonic phased array technology and 
dispersion compensation imaging method. The two damages can be clearly distinguished from the 
image, the results are ଵܲ (309 mm, 103°) and ଶܲ (364 mm, 104°) based on the polar coordinates. 
The error in direction estimation is less than 4°, and that of the distance estimation is less than 
2 cm, when compared with actual results ଵܲ (300 mm, 100°) and ଶܲ (350 mm, 100°). It is shown 
that the ILM method can improve the imaging resolution of the conventional ultrasonic phased 
array technology. 
 
Fig. 11. Damages’ scanning image 
Two other artificial damages at ଵܲ (310 mm, 90°) and ଶܲ (280 mm, 100°) are also taken as 
example. Conventional ultrasonic phased array technology without dispersion compensation 
cannot separate these two damage intuitively, and only one damage can be observed in the scan 
(Fig. 12(a)). However, after applying dispersion compensation, both damages are detected 
(Fig. 12(b)). Damage detection results are ଵܲ (312.7 mm, 91°) and ଶܲ (281.7 mm, 103°) based on 
polar coordinates. The maximum error in direction estimation is 3°, while that of distance 
estimation is 1.48 cm. 
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a) Without dispersion compensation 
 
b) With dispersion compensation 
Fig. 12. Damages’ scanning image 
6. Conclusions 
The dispersion characteristics of Lamb wave causes the received signal packets to elongate, 
makes the scattering signals from multiple damages overlap with each other, and consequently 
deteriorates the spatial resolution of the damages. This paper investigates a multiple damage 
detection method based on piezoelectric ultrasonic phased array technology and ILM dispersion 
compensation using compact array of PZT elements. 
The performance of the proposed method is verified on an aircraft aluminum plate structure. 
Results show that the conventional ultrasonic phased array method cannot effectively identify 
closely located multiple damages from the scan image. However, the combination of this method 
with ILM dispersion compensation successfully distinguishes closed-placed multiple damages. 
The results of two artificial multiple damages have shown that the proposed method can 
effectively compensate the dispersion characteristics of Lamb waves. A good performance is 
obtained with the direction estimation error and distance estimation error less than 4° and 2 cm, 
respectively. 
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